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EVALUATION OF SAND WAVES IN AN ESTUARY
By B R. Ballga and Robert‘ T. Hudspeth,” M. ASCE

Im'rnouucnou :

The National Enwronmental Policy Act (NEPA) establishes contmumg en-
~_," vironmental responsibilities for agencies of the Federal government  [20, Sec
101(b)] . One of these responsibilities is the preparation of environmental impact
statements (EIS) for dredging operations which require Federal action [20, Sec
102(2)(C)]. A comprehensive interdisciplinary methodology for identifying the
chronic environmental impacts of .dredging. operations in estuaries has been
developed by Bella and Williamson (2). A methodology. for incorporating an
evaluation of these environmental impacts into an/ environmental strategy has
‘been outlined by Bella and Overton (1). The power of this diagnostic approach
toward. the preparation and evaluatlon of EIS for estuarine dredging lies in
its relatively simple methodology :for integrating disciplinary data which are
- easily measured, into a two-dimensional dissection plane from which the chronic
impacts of dredging operations may be identified The Bella-Williamson dissection
plane approach should result in significant economic savings due to the elimination
of the collection and analyses of irrelevant environmental data from estuaries
in ‘which dredging operations .are proposed. Included in the Bella-Williamson
dissection plane methodology are .estuaries in which sand waves are present
. at the benthic interface; and the collection. and analyses of sand wave data
by spectral methods are presented in the context of a disciplinary element in
the holistic dissection plane approach for d1agnosmg the env1ronmental impacts
of dredging in estuaries;
The two orthogonal dimensions 1dent1fled by Bella and Williamson (2) for
thelr dissection plane are: (1) The rate of sediment turnover. (RST abscissa);
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and (2) the organic cam‘ent of the sediment (OCS ordmate) Contours of measures

of the various physical, chermcal and- biological environmental propertles of o

an estuarine ecosystem may be: displayed on this drssectron plane with the RST
‘and the OCS as the axes. From these contours on this, drssectlon plane, the

environmental impacts from dredging on the estuarine ecosystem may be estimated

from known or predicted alterations in the RST and the OCS. Changes in_the

RST may be diagnosed from' the direct influence of the hydrodynamrc forces "

on sand waves at the benthic interface of an estuary. Accordingly, sand waves :

subjected to hydrodynarmc forces due to oscillatory flows in an estuary were -
. observed in-order to estimate the RST in a pristine estuary. These observations’ "
" from a pristine estuary are also compared wrth sand waves in an adjacent developed |

estuary
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FIG. 1.—Location of Sand Wave Sal’hplihg*Staﬁons} Coos Bay Estuary‘,' dregon

. The hydrodynamic forces which directly mfluence the RST at an erodible

‘sediment interface result in an alternating sequence of: erosion: and deposrtron :
In those instances when' this alternating sequence of ‘erosion and deposition
result in a wave-like deformation of the sediment boundary, wave propagation

theories may be eémployed to comptte. the waye celerity, C, wave length, L, |
and wave period, 7, of these waves. In deterministic wave propagatron problems o

the reciprocal of the interval of periodicity yields the frequency, f, at whlch
the process is periodically repeated and provides an estimate of the RST Smce
the benthic interfaces in most estuariés are definitely not purely smuso1da1 or

strictly periodic, the superposition of many waves may be employed. to Fourrer :
analyze the  instantaneous profile of thrs random interface. In addmon the
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. hydrauhc processes which result in erosion and deposition are not, in general,

deterministic ‘and ‘the methods of Fourier analyses may be. further extended

- to describe a stochastic process by spectral methods.

Inorder to demonstrate an application of the relatively simple spectral analysis -
for estimating the RST in an ‘estuary from the migration of sand waves, sand
wave measurements -in the South Slough estuary, Coos Bay, Oregon were
analyzed. This. estuary is located on the southern Oregon coast approx 341

- .. km south of the Columb1a river entrance and 702 km north of the San Francisco
. Bay (see Fig. ])

BACKGROUND

The evolution of the various complex anélytical models which describe the
response of a deformable benthic interface to hydrodynamic forces is eloquently

- chronicled by Graf (7), Raudkivi (17), and Kennedy (9,10). This evolution follows

essentially the same three conceptual areas described by Kinsman (11)forrandom

'surface gravity waves, i.e., hydrodynamics, stochastic processes and probability,
and Fourier analysis. The evolution of the hydrodynamic concept began with
- Exner (compare to Ref. 7 or Ref. 17) who assumed that the bottom was initially

asinusoid and that the free surface of the water was sensibly horizontal. Exner’s

“model i is-capable -(at least theoretrcal_ly) of including the effects of friction in

a channel ‘of -variable width. The- principal contribution of this model is that’

‘the instantaneous profile of the bed form resuits in a faster speed for the crest

of the sinusoid compared. to -the trough and provides a means for estimating
an approximate time for this sinusoid to become. unstable and to collapse.
Experimental verification of this model is lacking; as well as a physical explanation
of how the bed initially becomes a sinusoid or what shape it assumes following

. the instability of breaking.

Others (6,12,15,18,19,21) have extended thls model to include a steady flow
over a §inusoidal bottom with a corresponding sinusoidal free surface. The
linearized potentlal theory solution derived by these authors yields a disturbing
singularity for the special case in which the speed of the free surface sinusoidal
profile is exactly equal to the free stream velocity. The existence of this singularity

" . is'frequently used to-argue that a deformable bedform may not remain flat.

Kennedy (9,10) and Reynolds (18) also have included a slowly moving sinusoidal
bottom' in - their model. However, the speed of this motion. is considered to
be small compared with the speed of the free stream veloc1ty and is neglected
in the mathematical solution.

Mei (14) analyzed steady flow with a penodlc free surface over an lmpermeable
stationary bottom which also has a periodic profile. By considering the fully
nonlinear boundary condmons and by assuming that the amplitude of the periodic
bottom profile was of higher order in the perturbatlon parameter, he successfuily
removed the smgularlty present in-the previous linearized studies and was able
to determine the conditions required for the existence of a flat bottom. The
key to his successful- development. was to assume that the bottom amplitude

‘was .of hlgher order in the' perturbation parameter ‘and that the speed of the

free surface wave and the speed of the free-stream flow were initially equal.
The major lmutatlons of each of these models for measuring the RST in

. an estuary th‘hkoscﬂlatory flow is that only steady unidirectional flows are
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treated and that the benthic boundaries are either unpermeable -or thelr motion.

must be determined empirically. The solution for the motion of an irregular,

_erodible, and permeable bottom under oscillatory flows does not presently exist.
Lee (13) developed a stochastic theory and analyzed the. particle movement

within a sand dune bed under uni-directional hydrodynamic flows. ‘Lee.:(13).

assumed that the process of alternate erosion and deposition of sand grains

is stochastic and that the rest periods and. step lengths of ‘the sand ‘particles .

within the profile are. Gamma distributed.  The Gamma distribution for the rest
periods and the step lengths is a two-parameter positive semidéfinite distribution.:
Once the Gamma distributions are ‘determined .for measured sand wave data
collected in an estuary, the mode of the distributions of the rest penods, o
and the step lengths L, could be used to-estimate the RST in the estuary.

The celerity of the sand ‘wave would ‘then be cstlmated by the relatlon c= ‘

L /T,.

Hino (8) developed a spectral theory for sand waves also under um-dlrectlonal- :

flows. He derived parametric equations for'the wave number and frequency
domain ‘spectra for sand waves based on ‘a dimensional analysis. The wave
number and the wave frequency are related by the celenty for any: harmonic
of the sand wave profile in an estuary, which is glven by :

in which f = a harmonic frequency in the wave frequency spectrum, and k

= a harmonic wave number in the wave number spectram of .the sand waves.
The value of the peak frequency of the sand wave sprectrum, £,;, could provide

an average estimate ‘'of the RST for the sand’ waves and could be ‘estimated ‘
by Eq. 1 from the peak wave number and the celerity. The advantage of the.

- spectral method of Hino (8) over the stochasiic method of Lee (13) is that
it would only-be necessary to measure a spatial record of the sarid wave elevations
since the peak frequency of the frequency domain spectrum may be computed
from Eq. 1 using a *‘dispersion’” transforination between wave freqnenc1es and
wave numbers. In contrast, the stochastic method of Lee (13) requlres both
a temporal and a spatial record of the sand wave profile ‘since no dlsperswn

transformation presently exists between the Gamma distribution for step lengths
-and rest.periods. A great deal of dlfflculty and expense is involved in obtaining

a time-dependent record of a sand wave profile under field conditions since
the profile sensor must be introduced into the flow field without s1gn1ﬁcant1y
disturbing the flow. Furthermore, if the oscillatory motlon of the wave-like

benthic interface is a slowly-varying function of time, then' the profile sensor

must either be protected against long-term mechanical and biological degradatlon
or repositioned exactly at the same location at relatively short intervals of time

over a number of oscillatory ¢ycles. This sécond requirement for reposmonmg '

may involve expensive navigational posmonmg systems.
Because of the potential economic savings offered - by the spectml method

of Hino (8) over the stochastic method of Lee (13) as a result of ‘eliminating’
the requirement to measure a temporal record of the sand wave profile, ‘the -
spectral method was adopted for application to the Bella-Williamson dissection
plane approach. The essential theoretical elements from the eloquent denvatxon '
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of the Hino spectral method (8) are succinctly summanzed for convemence
in demonstratmg its apphca’uon

SreCTRAL ANALYSES OF,SAND WAVES

The random, irregular shape of estuarine sand wave profiles may be represented
by the harmonic analysis of a number of sinusoids of varying frequencies’ having
spectral representation (compare Refs. 4, 5, and 22). Hino (8) derived ‘the
parametric equation for a wave number and a wave frequency spectrum for
wave nunibers; and frequencies within the equ111br1um subrange for sand wave
values are shown in F1g 2

“sand waves

equilibrium
develope |

subrange

b) ane frequency, f

FIG. 2—Equilibrium Sand Wave Spectra: (a) Wave Number Spectrum S, (k); and
{b) Wave Frequency Speéctrum, S, (/) ‘

For fuily- developed (or equlhbnum) sand waves, the slope of the sand bed
profile may never exceed the angle of repose, &, of the sand. This implies
that an upper limit exists for the spectral amplitude values within an equilibrium
subrange in which the speciral form is governed predominantly by the angle
.of repose and some power of the wave number. For lower values of wave
numbers below this ¢quilibrium subrange, the sand waves are still growing and-
the law: of equilibrium subrange fails due to an instability mechanism between
‘the sand bed ‘and the flowing water as a result of the continuing transfer of
energyvfrom the hydrodynamic shear stress to the deformable sand bed.

Wave Number Spectrum:—The wave number spectrum may be estimated from
" a spatial record of a sand wave profile. From a dimensional analysis, Hino
" (see Ref.:8, Eq. 10). has determined that the spectral density function for a
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sand wave profile within the equrhbrmm subrange is-of ‘the form S :
(k)-a(¢)k‘ (R <<k<<d D IR SR S AERE TS RESRTEREAT ¢) )

in' which k = the wave number in. cycles per umt length; a(d) = a funcuon

of the angle of répose of a sand particle (assumed to be a constant); d =

the diameter of the sand particle; y = the vertical elevation of the sand wave
profile above the horizontal mean at any horizontal ¢oordinate in a spatial sand -
wave record (see Fig. 3); and k, = the smallest value for the wave number

of the sand wave field in- whlch the interactional instability ‘mechanisms ‘are
- not important. Analyzing -experimental data for uni-directional flow, ‘Hino (8)

found that an approximate value for k, may be estunated from

in whrch h = the depth of water in the laboratory channel

Wave Frequency Spectrum.—The wave frequency spectrum may be estimated
from a temporal record of a sand wave profile. In:contrast to the single =3
power law’’ (see Eq. 2) throughout the wave. number ‘equilibrium subrange,
Hino (8) suggests that there are two power. laws forthe wave frequency equilibrium’
subrange. This dual parametric law for the wave frequency equlhbnum subrange

FIG. 3. —Defmmon Sketch for Smusondal Sand Bed

may be due,:in part to the form of the frequency drspersmn transformatlon
assumed by Hino (8). An alternate frequency. dispersion transformation which.
removes this dual parametric law for the wave frequency equilibrium subrange
is given in Appendix I. : v

Hino (8) assumes that within the ethbnum subrange, the frequency spectrum
follows a *‘~3 power law” for higher frequencies, and a *‘~2 power law”’
for frequencies slightly greater than the spectral peak: frequency but less than
the “‘—3 power law”’ frequencies. In the higher frequency region within the

equilibrium subrange, the frequency spectrum for the sand wave profile is assumed -
from dimensional analysis to be given by

SN =FWVE L™ (Fr<f<foy ©von @

in which f = the wave frequency in:cycles’ per unit trme f(lll) - a function
of ¥, which is a nondimensional ‘quantity related to the critical tractive force
of the sand bed by ¢ = 76 o/ [lps/p — gdl V, = the bed ‘shear velocity;
and f, and f,, = the lower and upper bounds, respectrvely, of the hrgher frequcncy i
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‘region within the equilibrium subrange for sand wave frequencies.

The - wave »number,‘ k, and the wave frequency, f, of a sand wave are related
by the wave celerity or rate of translation of the waveform according to

Ok e S )

- The relationship between the frequency spectrum and the wave number spectrum

may be determined by equating the areas under two differential intervals, Ak
and Af of the wave number and wave frequency spectral densities, respectively.
Equating these differential areas. yields

Cde ‘ : :
SyUN=8, 00— i WO

-which may be used to estimate the wave frequency spectrum without having

to measure a temporal sand wave profile. In the lower wave number range
for'small values of the wave numbers below both the spectral peak wave number

- and the equlllbn_um subrange, energy transfer between the sand waves and

the water flowing over them become predominant since the sand waves are
still growing. Within this lowerwave number range, the celerity must be considered

" tobe a function of the wave number; i.e.

C(k) < kcoth 2mkh . . . . . e N )

Within the- equlhbrmm subrange for: wave number values k << 1/2wh, Eq.

7 may be approxnnated by

Chy=vk o e e )

in which v = a dimensional constant with dimensions L%/ T. Substituting Eq.
8 into Eq. 5, and taking derivatives on both sides, we obtain

de 1 ‘ oo

— L Al e i N ¢l

df  2vk

The equilibrium subrange of the wave number spectrum must extend to wave
numbers which are lower than for the equilibrium subrange of the frequency
spectrum (8). The equation for the frequency spectral density function for this -
‘relatively lower frequency region below the wave frequency equilibrium subrange
may now be obtained by substituting Eqgs. 2 and 9 into Eq. 6; i.e.

1 SRS
Syy(f)k=—é-a'(¢)ﬁ,f_2; 78 e A 70 T SN P (10)

in which f, = the lowest value for the wave frequency in the wave spectrum

. ‘and corresponds to the lowest wave number, &,

. In summary, within the equilibrium subrange for the wave number spectrum,
Hino (8) concludes that there must be two. different frequency regions for the
corresponding wave frequency spectrum. He gives the following two forms

. for the wave frequency spectrum within this correspondmg wave number

equilibrium subrange: (1) The ‘=2 power law™ of Eq. 10: S, (f ) = (1/2) a()

| 'vf'z, (f, < f < £); and (2) the “~3 power law” of Eq. 4 S, (f) = ()

V Fh < f < fm) The key to the. successful application of the spectral
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method for estlmatmg the RST lies*in determmmg the appropnate constant :

of proportionality, v, and the angle of repose function, a(d). - i
For application in the Bella-Wllhamson RST-OCS dlssectlon plane method

it was proposed to use.the total energy content of the sand wave number spectral -

density (or, equivalently, the variance of the spatlal profile record) and the
wave number equlhbnum subrange defined by Hino (8) as measures of the

RST in an estuary in which sand waves are present. The relative magnitude

of the total energy in the sand wave profile and the equlhbnum subrange amplitudes.
would provide estimates of the relative enérgy transfer occurring between the
hydrodynamic shear stress and the resultrng deformation of the migrating benthic
interface. For comparison, data were measured in both .a.pristine estuary and
an adjacent developed (dredged) estuary. The relative ease and low cost involved

" in acquiring these sand wave records are- éspecially attractive economrcally and.

are fundamentally compatible with' the philosophy of the Bella-Williamson
RST-OCS dissection plane approach in the evaluatlon and preparatron of EIS
for dredging operations’ in estuaries.

Sanp Wave Dara Acauisition AND ANALYSIS

Sand wave profiles were recorded in analog formbya submerged sonic profiler
during a two-day period. A rigid steel pipe was mounted vertlcally to the side -

of a boat and the sonic transducer was secured to'the undérwater end approx
0.8 m above the sand bed. The sonic data were tecorded directly on FM -magnetic

tape in analog form by an FM tape recorder aboard the boat The sonic samphng ;

locations (STA 1, 2, 3) are shown in Fig. 1.

Five buoys were implanted along the channel at-each of the samplmg stations’

shown in Fig. 1 and the distances between' these: buoys - were measured by

means of a range finder (transit type) on shore. The buoys were moored taut o

and anchored to the bottom of ‘the estuary in’ ordet to minimize their drift.

Before recording the sonic data at each station,. the -boat was driven slowly:
along the course of the buoys and the time of travel between the buoys was’

recorded by a stop watch. The speed of the boat was then computed by dividing

the known distances between the buoys by the recorded time required for the . -

boat to cover these distances at each statlon The speed of the boat was.
approximately equal to 0.5 m/sec. The speed of. the boat at each sfation was

then maintained at approximately a constant value of 0.5 m/sec during each -

~of the subsequent data recording operations. During the two-day data-recording
period, two data recordings. were taken at STA 1, four at STA 2, and one
at STA 3. These seven data measurements are summarized in Table 1.

In order to correlate the in situ length of the sand waves w1th the magnetic

tape data, the passing of each buoy by the sampling boat was recorded ‘by -

voice on the same channel of the magnetic tape .as the sonic data. The pulse

rate for the sound waves from the sonic profiler was 1/30 second. This rate’

of data sampling was required to be ‘greater than the speed at which the boat

was moving (approx 0.5 m/sec) in ‘order to insure ‘that no sand wave elevatron T
data were omitted from the recordings. In order to eliminate extraneous vertical -

disturbances to the boat and, consequently, to. the - data records, data were
collected only when the water surface disturbances were minimum. In order
to maintain a sufficient draft below the underwater somc transducer data were

e

W
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collected only durmg the slack penods of high tide. '
These sonic sand wave data were recorded in analog.form on an FM magnetic

tape ‘and were later copied onto an analog strip chart for visual observation
and calibration. The total length of each run was computed both in meters and

*in seconds. The elapsed time between the start and the end of each FM magnetic

tape record gave the total length of the record in seconds.’ The total length
of the sand wave records in seconds was required in order to digitize the sand
wave record by an analog to digital converter (ADC) through a PDP 11 E10

- minicomputer. The spatial fesolution, Ax, of each sand wave record was computed

by multiplying the tangent of the sonic prof“rler half-beam angle (5°) by the

.vertical height of the sonic transducer above the sand bed (approx 0.8 m).
‘The spatial resolutron, Ax, computed from' the aforementioned method was

approximately equal.to 0.07 m. This spatlal resolution was then compared with

“the horizontal. distance between two consecuiive sonic ‘waves to insure that

it was greater than the horizontal distance between two consecutlve sonic waves.

TABLE 1—Summary of Sonic Profller Data

o -+ | Variance, : . . | Sampling -

. {'Length,{  Length, | in H.. | location,
Record in-oof in o o[v square in - Ak, in k,.in (see
number| meters: | seconds | meters. - | meters | -meters.| meters Fig.. 1)
Mm@ .8 ) - (5) (6) 0] (8)
1} 9109} 236 5 |-0.0113 | 030 | 0.011 0.075 STA1
C2 “127.53 | < 4T 0.1348 . | 1.04. 0.008 0.075 STA 1
3021134 |0 675 | -0.0615 | 0.70 0.005 0.038 - STA 2
4 211.34. {400 10,0337 0.52.. | 0.005 0.038 STA2
5. 2113471402 . |  0.0654 1072, 0.005 0.038 STA2

. 6 216.02 | 540 7 | 0.0427 0.58 -} .0.005 0.038 STA2
7 45.81 .. 270. - "0.2382‘ 1387 | -0.022 { '0.017 STA 3

._ThlS honzontal drstance was computed by multiplying the average speed of

the boat by -the ‘rate-at which ‘the 'sonic waves were sent. Once the spatial
resolution of each record was determined, the total number of digitizing values,
N, may be. computed from the relatron :

in whic’hkN = the total number of digiﬁzirig values; and L = the total length
of .the sand wave profile in meters. The digitizing rate required for the ADC,
At, was then computed from the relat1on

-in which. T"'= the total tlme of the record in seconds obtained from the analog
" magnetic tape.

The digital spatial sand wave data were first linearly detrended by a numerical

' algorithm and then the-ambplitude spectra were estimated by an integer finite
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Fourier transform (FFT) algorithm. of base two. For a real-valued sequence,
¥, the discrete FFT .pair inay be given by S R -

- {2mnm BRI I SO
¥y, =N~ ZAmexpi ~ s n=0,1,2, ,N=1.00. ..o, . (13a)

m=o .

N -1
A, = Zy?,exp —j(

in which the real and imaginary -components of . the  complex-valued FFT.
coefficients are identified by Lol : R

2nnm

); M=0,1,2 N U L L (138

Ap=RA,+IIA, o L ()
In order for the inverse transform to be exact, we must also require that
Atdk=N='" . e e e Ceeee(15)

Only the real part of the complex-valued ( y") sequence represents the dig-itiZed.
values of the sand wave profiles. The one-sided spectral density function for
the sand wave profile may be estimated from the complex-valued FFT coefficients
according to ‘ o RN o : i
s, maky =2 o LT e

m ST . M =0 s e s T e
H(mak) = =2 m=0,12 e (09
in which the superscript astérisk denotes ‘a ",é:omplgx":cénjugate vahie. The: ..
amplitude spectra for the sand waves recorded at' the three ‘stations in Coos
Bay estuary are shown in Figs. 429, The varidnce, root-mean-square wave heiglit;
H,,, and the equal discrete wave number interval, Ak, are tabulated in Table

. 1. The variance of the zero-mean spatial sand wave profile is computed from .

14 : ‘ ‘ : |
_NZ})" ...... S RIS IS R . . ('17)
and the H_ . from ' . | s '
N/2 ' 125 » ; i . BT
Hp= {sAkz Syy(mAk)} E SUTERSUCEN e asy

The amplitude spectra of the sand wave records from the South Slough estuaf»y,
Coos Bay, Oregon (see Figs. 4-8). demonstrate two - important: points. - First,
the total energy (or, equivalently, the statistical variance of the spatial sequence)
of the spectra are relatively low (e.g., the minimum H ms = 0.3'm for record
No. 1 in Fig. 4). Second, most of the energy is contained in the fundamental
harmonic component. This indicates that the dynamic migration of these sand
waves is a slowly:-varying, low-energy process and that the sand bed is a
slowly-undulating boundary. In addition, the maximum spectral amplitudes are
found at wave numbers which lie below the smallest wave number of the™ .
equilibrium subrange given by Hino (8) for uni-directional flow in the laboratory. °
This indicates that. the sand waves in the South Slough estuary are still growing.

In estuaries of low sand wave energy, catastrophic events such as storms govern "
the RST and not the hydrodynamics of the average flow. In the South Slough -
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: estuary data, the rms sand wave helght H, . vaned from 0.30 m-1. 04 m.

o In contrast, sand waves: in the Coos’ Bay main channel (see Fig. 9) have

a higherenergy content (vanance of the spatial sequence) dispersed over a

.wxder band of wave numbers; however ‘the fundamental harmonic still contains

-most of .the. total energy ThlS 1s due to ‘the stronger t1da1 velocmes probably
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FIG 4—Sand Wavq Amphtude Spectrum for Record No 1 (V 07011.3 m?; Ak
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AG. 5——Sand Wave Amplltuds Spectrum for Record. No. 3 (V = 0.0615 m?; Ak
= 0 005 m™Y)

augmented by the ship propeller disturbances in the main channél. Since this
spectral companson is only a visual comparison, the spectral band widih parameter

» which provides an estimate of the width of the wave frequency spectrum (compare

to Ref. 3), should be computed from the wave frequency spectrum in order
to obtain the dispersion of the spectrum about the spectral peak. The sand

- wave frequency spectrum may be obtained from the wave number spectrum
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by using a theoretical or empirical transformation ‘between the wave numbers

and the wave frequencies. A flow chart for obtaining the RST from a wave

number spectrum using a dlspersmn transformation is shown in Fig. 10.
For the sand wave record from the Coos Bay main channel (see record No.

7 in Fig. 9), the wave number of the maximum spectral  amplitude falls very .-
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FIG. 6.—Sand Wave Amphtude Spectrum for Record No. 4 (V 0.0337 m-’; Ak
= 0.005 m™')
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FIG. 7.—Sand Wave Amplitude Spectrum for Record No 5 (V= 0.0654 m?; Ak
=0.006 m™").

close to the minimum wave‘nurvnber value for the equilibrium subrange given
by Hino (8). We note that the minimum wave number value for the equilibrium
subrange, k ,, given by Hino (8) is slightly less than the first harmonic component.
This demonstrates that some additional care must be taken when digitizing analog
- data in order to insure that the value for the minimum wave number for the

equilibrium subrange, k,, will be much greater than the fundamental harmonic-
component. :

e
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_ For example, if we assume that k, will appear in the mth harmomc (e.g.,

k; = m Ak; m >> 1), then the equal discrete wave number interval, Ak, may
_ be estimated from Eq 3 accordmg to '

015

From this valué of Ak‘and the spatial rcsolution, Ax, computed from an analysis

25T L _.I ¥ .x

TR 1N
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\l TR
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Spatial Spectrum, [A% (k).{m?x16?)
g
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Wave number, k{m'")

FIG 8.—Sand Wave Amplntude Spectrum for Record ‘No. 6 (V = 0.0427 m?; Ak-
= 0.005 m"') : ) ' :
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FIG. Q—Sand Wave Amplltudo Spectrum for Rscord No 7 (V = 0.2382 m?; Ak

S =0022m7)

of the data acqulsmon system the total number of digitized values, N, may

. .be computed from:

N= (AxAk)-l,..,v.‘,_;....>.v..‘..‘.v.,....., ........ 0y

For the Coos. Bay main chaune], if we assume that k, will appear in the fifth
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harmonic, then the equal discrete wave number interval, Ak, may be estimated
from Eq. 19 to be Ak = 0.0033 m ™. Substituting this equal’discreté wave
number interval into Eq. 20 yields approx N = 4,096. Therefore, the spatial
sand wave data should have been digitized with at least 4,096 values -instead
of the 1,024 values used in the present . analysis, in order to insure that k,
would be much greater than the fundamental harmonic ‘component and to. better
resolve the equilibrium subrange.

y (x)
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RST = f

FIG. 10.—Flow Chart for Estimating RST from Wave Number Spectrum by Dlspersmn
Transformation

These amplitude spectra demonstrate the significant differences between the -

hydrodynamic processes in a pristine estuary (South Slough) and a ‘déveloped
estuary (Coos Bay Main Channel). The RST in the pristine’ estuary is a low-energy
process, which is storm driven, while the RST in-the developed estuary is
a high-energy process driven by the hydrodynamics of the average flows.
Additional laboratory and field measurements are required, however, to-verify

£

¥
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_the constants of proportlonahty for the equlllbnum subrange and the dispersion

transformatlon
Coucn.us’ndu's

The equlhbnum subrange and the total energy (varxance of the spatial sequence)
of the wave number spectrum for sand waves in an estuary may be used to

| quickly and economically locate the RST in the. Bella-Williamson " dissection

plane method for dlagnosmg the chronic environmental impacts of dredging
in estuaries. A spatlal record of a sand wave ‘profile in an estuary may be

- easily measured by underwater sonic profilers and the wave number spectral
- amplitude may be quickly estimated by an FFT algorithm. A comparison between

the rms wave height (Wthh may be determinéd from the total energy contént

- computed by the FFT coefficients) with the equilibrium subrange of the theoretical
. wave number spectrum developed by Hino (8) provides a reasonable estimate

for a measure of the: RST. Some care must be taken in both recording and
dlgmzmg spatial sand wave data and the i important analytical relationships between
the spatial resolution of the data acquisition equipment, the speed of the sampling

"-boat,; and the minimium value of the equlhbnum subrange wave number are.

presented. .
The method described in the presént analysis may be extended to compute

“the wave frequency spectrum without requiring the measurement of a temporal -
--sand wave profile provided that a dlspersmn transformation between wave
frequencies and wave numbers is’ known, A uniform -3 power law’’ wave

frequency spectmm is presented which follows the assumption that the wave
celerity is proportional to the bed shear velocity. Additional analytical, or
experimental verifications, or both, are required to determine the dimensionless

B ~ constant of proportionality. for oscillatory flows.

The potential economic- savings which may- be reahzed in the preparation’
and evaluation of EIS by the judicious application of the Bella-Williamson

“dissection approach are tremendously encouraging. A key ingredient in their

approach is the successful integration of disciplinary data and analysis which
may. be rapidly and economically collected and analyzed. The spectral analysis
of 'sand ‘wave profiles by an FFT in an estuary is presented. within the context
of a disciplinary input to the Bella-Williamson dissection plane method. Details

* regarding the integration of dlsc1plmary data are given by Bella and Williamson

(2). In:addition, recommendations are presented for extending the present
knowledge of the wave number equlhbnum subrange and the wave frequency
dlspersmn transformatlon for sand waves under oscillatory flows. ‘
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Appenoix |.—Unirorm * —3 Power LAw" Eouu.lamum FREOUENCY SPECTRUM :

The equilibrium wave frequency spectra derived by Hino (8) follows a “—3

"power law”’ for the higher frequencies within " the equ111br1um 'subrange .and
a “‘—2 power law’’ for frequencies slightly greater than the spectral peak frequency
but less than the “—3 power law’’ frequencies. This indicates that two frequency

dispersion relationships are required for the sand waves within the wave number -
equilibrium subrange. Since the wave frequency spectrum is of prime importance _

in the estimation of the RST, a uniform “‘~3 power law’> is developed for. .
the entire wave frequency equilibrium subrange. This results in a one-to one .

correspondence with the wave number equilibrium subrange.

Following the derivation for the equilibrium subrange for surface gravity waves
by Phillips (16), we note two important points. First, the constants of proportiona-
lity used in his dimensional analysis are dimensionless; and, second, the same
dimensional constant used in the parametric equation for the wave frequency

spectrum also appears in the frequency dispersion equation (i.e., ‘the gravitational

" constant). We shall incorporate these two points in our following formulation.
Gradowczyk (6) and Hino (see Ref 8, Eq. 16) have shown that the celerity

of the sand wave profile is proporuonal to the bed shear velocity. We, therefore,

assume the following for the frequency dispersion transformatlon given by Eq. 8:

C*=TV2 ... .. e e R e @1
in which T’ = a dimensionless constant of proportxonahty Eq 9 now becomes '
dk 1 ‘

7}"_ = PR R R 22)
Substituting th1s differential relationship into Eq. 6 y1e1ds : ' -
S, (f)=a@T V) (fo<f <L) oo L@y

The lowest frequency, f,, now corresponds to ‘thé lowest: wave number, ka,
in the equilibrium subrange given by Hino (8):

The upper wave number range in the equlhbnum subrange' is assumed by

Hino (8) to be given by

e d™ e e e _.’..(24)

in which d = the diameter of the sand part1cle Accordmgly, the upper frequency

" limit, f,,, may be found-to be

S
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,,:fm<<1"”2 V AT (25)

and a uniform ““~3 power law” f er'the entire wave fi requency equilibrium subrange
is now given by : ‘

S, =«@X V) <f<r”’V a ) ....... 26)
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Arpenpix lil.—NotaTion

The following symbols are used in this paper:
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complex finite Fourier-transform (FFT) coefficient;
celerity of sand wave;

diameter of sand particle;

sand wave frequency; :
lower and upper frequency bounds for the “—~3 power law’’
equilibrium subrange (8); & o
lowest frequency in the equilibrium subrange

peak frequency of the wave frequency spectrum

a function of ¥; :

root mean square wave height;

depth of water in channel, ' .

imaginary part of complex FFT coefficient;

imaginary unit number; :

wave number (cycles/length);

smallest wave number in the equilibrium subrange;

- peak wave number of the wave number spectrum

length of sand waye record;

wave length of a sand wave;

total number of digitizing values;

real patt of a complex FFT coefficient;

spectral density function for the sand wave proflle
total time of the sand wave record;

wave period of a sand wave;

variance of the sand- wave spatial proﬁle

shear velocity; .

_ horizontal coordinate axis;

instantaneous vertical elevation of sand wave proflle measured
positive upwards. from horizontal bottom; ‘

function of ¢;

dimensionless ‘constant of proportlonahty for frequency disper-
sion;

dimensional constant of proportlonahty for frequency drspersron
@®);

equal discrete wave number interval;

equal discrete time interval;

equal discrete spatial interval; -

fluid -density;

density of sand partlcles

angle of repose of a sand particle; and

nondimensional quant1ty related to the critical tracnve force ‘

of the sand bed.
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ABSTRACT: The Bella-Williamson. rate of sediment turnover-organic - content- . of
sediment (RST-OCS) dissection plane method integrates relevant physical, chemical,
and. biological analyses in order to estimate the chronic impacts' of .dredging on
estuarine ecosystems. A’ spectral analysis by a finite Fourier -transform of  estuarine
sand waves.is presentéd which only :requires .a spatial sand. wave record that is
relatively easy to measure.in contrast to-stochastic analyses which require both spatial
and temporal observations of sand wave profiles. { The total energy content (or,
equivalently, the statistical variance of the spatial sand wave: profile) and - the
equilibrium ~subrange of the. wave number -spectrum- provide readily observable
measures of the RST in an estuary; economic savings, promise: to be significant. In
addition, a uniform ‘-3 power law” for the wave number equilibrium  subrange is
presented which offers ‘an opportunity to obtain a sand wave frequency spectrum
without a temporal sand wave profile record through a dlspersmn transformation
_ proportional to the bed shear velocity.
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